INTRODUCTION
============

Age-related macular degeneration (AMD) causes the progressive loss of central vision and is the most common cause of blindness in the elderly in industrialized nations ([@B46]; [@B1]). Phenotypically, AMD is characterized by yellow extracellular deposits of proteins and lipids (drusen) that accumulate between the basolateral side of the retinal pigmented epithelium (RPE) and Bruch\'s membrane ([@B10]). AMD etiology is complex and is influenced by age-related and environmental changes in the eye, including diminished antioxidant capacity, increased protein misfolding/aggregation, RPE apoptosis, and complement activation ([@B43]).

Owing to the numerous factors influencing AMD progression, we hypothesized that studying an early-onset, inherited macular dystrophy, malattia leventinese/Doyne honeycomb retinal dystrophy (ML/DHRD), which phenotypically resembles AMD, may provide insight into the underlying causes of AMD ([@B33]; [@B24]; [@B23]). ML/DHRD is caused by a single Arg345Trp (R345W) mutation in the sixth epidermal growth factor (EGF) domain of the EGF-containing, fibulin-like extracellular matrix protein 1 (EFEMP1; [Figure 1A](#F1){ref-type="fig"}; [@B42]). Patients with ML/DHRD present with clinical and pathological AMD-like symptoms, including soft drusen accumulation, the loss of basolateral ruffling of the RPE, RPE vacuolization, and atrophy, as well as eventual neovascularization on an accelerated time frame, usually during the fourth decade of life ([@B54]; [@B33]; [@B42]; [@B10]; [@B19]). Mutations in other homologous fibulin genes (fibulin-5 and -6) have been associated with an increased chance of developing AMD ([@B37]; [@B32]).

![*Gaussia* luciferase (GLuc) fusion to EFEMP1 serves as a sensitive and robust reporter. (A) Schematic of fibulin-3 (EFEMP1). EFEMP1 is composed of one Ca^2+^-binding EGF domain with an extra insertion (blue oval), five Ca^2+^-binding EGF domains (green ovals), and a fibulin-type domain (yellow rectangle). These domains are followed the addition of a C-terminal GLuc (pink hexagon). The R345W mutation is located in domain 6 (red box). (B) Domain 6 sequence of EFEMP1. Three predicted native disulfide bonds (dsb1, dsb2, and dsb3) are in yellow, blue, and green, respectively. Each cysteine is colored green and is assigned a designation (a, dsb1; b, dsb2; etc.) and its location relative to the N or C terminus (a~n~ is the cysteine involved in dsb1, and, of the two cysteines involved in dsb1, is closer to the N-terminus). Arg-345, which is mutated to Trp in ML/DHRD, is colored red. The location of BNPS-skatole cleavage within non-R345W mutants is shown with a red arrow. (C) R345W EFEMP1-GLuc is secreted less efficiently than WT EFEMP1-GLuc. HEK-293T cells were transfected for 16 h, after which the media was replaced. The extracellular accumulation of the GLuc fusion protein was monitored for up to 48 h after transfection (n = 3, ±SD, \*p \< 0.05, WT EFEMP1-GLuc vs. R345W EFEMP1-GLuc, *t* test). (D) Western blot analysis of secreted EFEMP1-GLuc. A total of 50 μl of conditioned media (containing 2% FBS to prevent distortion from bovine serum albumin) was subjected to Western blotting and probed with an anti-GLuc antibody. Representative data of three independent experiments are shown.](4765fig1){#F1}

EFEMP1 is a monomeric, seven-domain, disulfide-rich, secreted extracellular matrix (ECM) glycoprotein ([Figure 1A](#F1){ref-type="fig"}; [@B55]) that is expressed throughout the body, including in the brain, lung, placenta, heart, and RPE ([@B47]). EFEMP1 contains canonical tandem arrays of calcium (Ca^2+^)-binding EGF domains (D1--D6) followed by a C-terminal fibulin-type domain ([Figure 1A](#F1){ref-type="fig"}; [@B55]). The functions of the fibulin family of proteins, including EFEMP1, are largely unknown. Mouse knock-out studies indicate that the fibulins are crucial for cellular integrity by regulating elastogenesis and vascularization and may serve as a link between cell surface receptors and ECM elastic fibers ([@B21]; [@B47]; [@B29], [@B28]).

Mice lacking EFEMP1 do not develop any observable ML/DHRD or AMD-like phenotype ([@B25]). However, removal of EFEMP1 hastened the aging process and significantly disrupted elastic fibers. Consistent with a gain-of-toxic-function origin for ML/DHRD, R345W EFEMP1 knock-in mice develop sub-RPE membranous drusen-like deposits that increase with age and mutant EFEMP1 copy number, eventually resulting in RPE degeneration, vacuolization, and complement activation ([@B16]; [@B25]). Studies indicate that the R345W mutation leads to an apparent EFEMP1 secretion deficiency and intracellular accumulation of mutant EFEMP1 (presumably in the endoplasmic reticulum \[ER\]; [@B26]). Subsequent cellular studies noted that R345W EFEMP1 expression caused an increase in the levels of vascular endothelial growth factor, the ER chaperone, glucose-regulated protein 78 (BiP), and spliced X-box binding protein 1, together indicating activation of the unfolded protein response (UPR) ([@B36]; [@B35]).

However, no studies have addressed the molecular basis underpinning how the R345W EFEMP1 mutation causes ML/DHRD. It is not known whether the dysfunction caused by the mutant is due to its intracellular misfolding and higher intracellular steady-state levels or whether the etiology is a consequence of the small amount of extracellular accumulation of misfolded and/or aggregated mutant EFEMP1, or both. Thus it is unclear whether enhancing mutant EFEMP1 folding and secretion to the ECM or if reduc­ing mutant EFEMP1 secretion by degrading it by enhanced ER-associated degradation and/or autophagy within the cell would be a better strategy to slow the progression of or reverse ML/DHRD ([@B52]; [@B27]).

The concept of proteostasis maintenance is central to understanding the cause of macular dystrophy and for developing strategies by which it can be remedied ([@B3]; [@B12]; [@B41]). Proteostasis refers to proper proteome maintenance orchestrated by a cell to ensure successful development and aging. Proteostasis is constantly monitored by stress-responsive signaling pathways in distinct subcellular compartments to match the proteostasis capacity to demand by using transcriptional programs and translational control. Transcriptional up-regulation of proteostasis components enhances chaperone- and enzyme-mediated folding, vesicular trafficking, and degradation capacity mediated by the proteasome and/or the lysosome ([@B3]; [@B12]). As such, the maintenance of proteostasis prevents disease onset and influences cellular survival during development and aging. Conversely, a loss of cellular proteostasis is synonymous with aberrant protein folding, compromised protein trafficking and secretion, and/or the buildup of undegraded/mistrafficked or undegraded/aggregated proteins within the cell. Sustained proteostasis insufficiency, linked to UPR signaling, can lead to apoptosis ([@B44]). We hypothesized that cells expressing mutant EFEMP1 exhibit a reduction in their capacity to fold and properly secrete the mutant protein. We propose that the cellular environment governing R345W EFEMP1 proteostasis can be adapted to avert ML/DHRD, as demonstrated with other cellular models of protein misfolding diseases ([@B31]; [@B51]; [@B8]; [@B18]).

To sensitively monitor how mutant EFEMP1 folding and secretion respond to changes in the proteostasis network, we developed a cell-based assay in which we fused EFEMP1 to *Gaussia* luciferase (GLuc; [@B45]). EFEMP1-GLuc secretion in human embryonic kidney cells (HEK-293T cells) can be monitored in real time by quantification of its secretion into the media relative to its intracellular accumulation. By using a series of R345 mutants, we demonstrate that the cause of inefficient secretion is the introduction of a large aromatic residue at position 345 next to a native disulfide bond, which leads to deficiencies in the ability of domain 6 to form its requisite disulfide bonds for secretion ([Figure 1B](#F1){ref-type="fig"}; [@B38]). Moreover, we establish two methods to enhance proteostasis network capacity (temperature reduction and chemically mediated translational attenuation) that alleviate the secretion defects caused by R345W and other bulky side chain mutations, enhancing mutant secretion up to fourfold.

RESULTS
=======

Fusion of EFEMP1 to GLuc serves as a convenient and sensitive luminescence method to monitor EFEMP1 secretion
-------------------------------------------------------------------------------------------------------------

As an alternative to pulse chase experiments used previously to quantify EFEMP1 secretion ([@B26]), we fused EFEMP1 to GLuc to report on its extracellular versus intracellular localization. To test whether the EFEMP1-GLuc fusion proteins were secreted similar to what was reported for wild-type (WT) and R345W EFEMP1, HEK-293T cells were transiently transfected with EFEMP1-GLuc--encoding constructs and the secretion of WT EFEMP1-GLuc and R345W EFEMP1-GLuc was followed over time by assaying for GLuc activity in the media. Three hours after a media change (19 h after transfection), WT and R345W EFEMP1-GLuc were detectable in the media ([Figure 1C](#F1){ref-type="fig"}). At 3 h, ∼13 ± 3.2--fold more WT EFEMP1-GLuc was observed relative to R345W EFEMP1-GLuc ([Figure 1C](#F1){ref-type="fig"}). The WT and R345W EFEMP1-GLuc media concentrations continued to increase linearly over the time course of the experiment, with WT EFEMP1-GLuc levels peaking at ∼16 ± 0.36--fold higher than those of R345W EFEMP1-GLuc 24 h after the media change ([Figure 1C](#F1){ref-type="fig"}).

To assess the sensitivity of the GLuc assay, we performed Western blotting on conditioned media samples. Whereas the luciferase assay detected WT EFEMP1-GLuc as early as 3 h after the media change, Western blotting was only able to detect the fusion protein 9 h after the media change, corresponding to a luciferase assay readout of ∼100,000 ALU, a signal ∼200 times greater than our designated minimum detectible GLuc signal of 500 ALU (compare [Figure 1D](#F1){ref-type="fig"} to [1C](#F1){ref-type="fig"}). Secreted R345W EFEMP1-GLuc accumulated to a much lower extent in the media than WT EFEMP1-GLuc by Western blot analysis ([Figure 1D](#F1){ref-type="fig"}), consistent with quantification using the GLuc assay ([Figure 1C](#F1){ref-type="fig"}). Of note, the levels of R345W EFEMP1-GLuc barely reached the limit of detection using Western blotting ([Figure 1D](#F1){ref-type="fig"}).

To ensure that the folding and secretion differences we observed between WT and R345W EFEMP1-GLuc were not due simply to differences in transfection efficiency or transcript levels, we performed quantitative real-time PCR. No significant differences in transcript levels of EFEMP1 or GLuc were observed in HEK-293T cells transfected with either WT or R345W EFEMP1-GLuc (Supplemental Figure S1, A and B). In general, EFEMP1 transcript levels were found to be 100--300 times higher in cells transfected with EFEMP1-GLuc plasmids than in untransfected controls, indicating significant EFEMP1 overexpression (Supplemental Figure S1A).

Aromatic amino acid substitutions at position 345 result in inefficient EFEMP1 secretion
----------------------------------------------------------------------------------------

To gain insight into the molecular basis for the poor secretion of R345W EFEMP1, side chain hydrophobicity, size, charge, and side chain influence on backbone conformation were varied at the R345 position by mutagenesis. We generated 10 position 345 variants of EFEMP1-GLuc (in addition to R345W) and monitored the secretion efficiency of these variants relative to WT EFEMP1-GLuc 24 h after a media change (72 h after transfection; [Figure 2A](#F2){ref-type="fig"}). Mutation from the native arginine residue, which is positively charged at physiological pH, to an uncharged residue bearing a relatively small side chain (R345A) or to an uncharged residue bearing no side chain and exhibiting maximal local backbone conformational flexibility (R345G) had no detrimental effect on secretion efficiency relative to WT EFEMP1-GLuc (86 ± 28% and 92 ± 22%, respectively; [Figure 2A](#F2){ref-type="fig"}). Altering the Arg side chain to a similarly sized polar and conformationally flexible side chain, including uncharged glutamine (R345Q, 89 ± 17%; [Figure 2A](#F2){ref-type="fig"}) or charged lysine (R345K, 91 ± 25%) did not reduce folding and secretion efficiency notably either. Mutation to a similarly sized, hydrophobic uncharged side chain (leucine, R345L, 70 ± 15%; [Figure 2A](#F2){ref-type="fig"}) slightly reduced secretion compared with WT EFEMP1-GLuc. Surprisingly, reversal of the positive charge on the side chain of arginine to the negative charge on the side chain of glutamic acid (R345E) did not lower EFEMP1 secretion substantially either (78 ± 21%; [Figure 2A](#F2){ref-type="fig"}). In contrast, mutating R345 to a large aromatic side chain, including tyrosine (R345Y, 15 ± 3.4%; [Figure 2A](#F2){ref-type="fig"}) and phenylalanine (R345F, 20 ± 5.0%) dramatically reduced secretion efficiency, analogous to what was observed with the R345W pathological EFEMP1 mutant (10 ± 4.7%; [Figure 2A](#F2){ref-type="fig"}). Mutation of R345 to the smaller heteroaromatic imidazole side chain of histidine (R345H) also reduced EFEMP1 secretion (69 ± 12%; [Figure 2A](#F2){ref-type="fig"}), albeit to a lesser extent than the larger aromatic side chains. Mutation of R345 to an uncharged cyclic proline residue (R345P) was almost as devastating to EFEMP1 secretion as mutation to phenylalanine (22.4 ± 6.3%; [Figure 2A](#F2){ref-type="fig"}), probably due to the restricted backbone conformation of proline (ϕ = −65°; [@B53]).

![GLuc luminescence assay of secreted WT EFEMP1-GLuc and R345 EFEMP1-GLuc mutants transfected into HEK-293T cells. (A) Aromatic amino acid substitutions at R345 cause secretion defects. Aliquots of 45 μl of conditioned media from transfected HEK-293T cells were taken 72 h after transfection (24 h after a media change) and assayed for the presence of the EFEMP1-GLuc fusion protein. (n ≥ 3, ±SD). (B) Inefficiently secreted EFEMP1-GLuc variants do not cause toxicity in HEK-293T after 72 h of expression. Transfected cells were assessed for differences in metabolic activity using the redox-sensitive dye, resazurin (n = 4, ±SD).](4765fig2){#F2}

To eliminate a possible alternative explanation for the secretion differences observed among the variants of EFEMP1-GLuc studied, we assessed the cell toxicity caused by these mutants, as cytotoxicity would lead to an apparent decrease of secretion of EFEMP1 into the media. Cellular viability was assessed 72 h after transfection by employing the 7-hydroxy-3H-phenoxazin-3-one 10-oxide (resazurin) assay, which reports on mitochondrial redox potential. On the basis of this often-used assay for cytotoxicity ([@B49]), none of the R345 EFEMP1-GLuc mutants generated were toxic to HEK-293T cells ([Figure 2B](#F2){ref-type="fig"}).

We also controlled for the possibility that transfection efficiency differences could explain lower apparent secreted EFEMP1 mutant levels. To explore this possibility, another secreted luciferase (*Cypridina* luciferase \[CLuc\]) was cotransfected with the EFEMP1-GLuc constructs (Supplemental Figure S2). The secretion trends described earlier without CLuc normalization ([Figure 2A](#F2){ref-type="fig"}) persisted with CLuc normalization (Supplemental Figure S2), demonstrating that none of the trivial explanations for the secretion differences observed appear to be valid. The CLuc cosecretion data also demonstrate that mutant EFEMP1-GLuc does not nonspecifically reduce secretion capacity from the ER under these transient transfection conditions.

Mutations leading to inefficient secretion of EFEMP1 are underrepresented at the b~n~ + 1 position of other Ca^2+^-binding EGF domains in the fibulin family
------------------------------------------------------------------------------------------------------------------------------------------------------------

The pathogenic EFEMP1 mutation position is located immediately adjacent to cysteine residue 344 (C344), which is required to form disulfide bond 2 of domain 6 (dsb2; [Figure 1B](#F1){ref-type="fig"}). Disulfide bond 2 is predicted to be critical for the folding and function of the Ca^2+^-binding EGF domain ([@B7], [@B6]). We hypothesized that compromised disulfide bond formation could play a part in reducing R345W EFEMP1 secretion efficiency. Comparative analysis of the amino acid residues present at the b~n~ + 1 location in 40 nonmutated Ca^2+^-binding EGF domains from six different fibulin proteins indicates that none contain tryptophan, tyrosine, or phenylalanine and only one contains proline (Supplemental Tables SI and SII). Thus, of the four residues at position 345 that cause defects in EFEMP1 secretion (Trp, Phe, Tyr, and Pro), only proline is found in one of the 40 domains analyzed (domain 4 in fibulin-1, Supplemental Tables SI and SII). If the amino acid type at position 345 were determined statistically, then these four residues (Trp, Phe, Tyr, Pro) would be expected to occupy eight of the 40 possible domains, yielding an occupancy rate of 20%, a number far greater than the observed occupancy of 2.5% at this position (Supplemental Table SII). Mutations at the b~n~ + 1 position that modestly affect secretion (R345H, R345L, and R345E) are present in five domains (12.5%), close to the predicted 15% occupancy. Of the 34 remaining domains, 25 are preferentially occupied at the b~n~ + 1 position by glutamine (nine domains), arginine (seven domains), or serine (seven domains), accounting for 62.5% of the residues at this position. Our data indicate that at least two of these three prominent amino acids are well tolerated at position 345 and have relatively similar secretion efficiencies ([Figure 2A](#F2){ref-type="fig"}; serine not evaluated). Although the sequence analysis of the evolutionary record and experimental sequence-dependent secretion data correlate well, an exception is lysine, which is not found in the b~n~ + 1 position in any of the 40 domains studied (Supplemental Table SI and SII), yet its secretion efficiency is indistinguishable from that of WT ([Figure 2A](#F2){ref-type="fig"}).

Inefficient secretion by EFEMP1 mutants is improved by lowered cell growth temperatures
---------------------------------------------------------------------------------------

The misfolding/aggregation and/or increased steady-state retention of several disease-associated proteins at 37°C within cells can be rescued by reducing the cellular growth temperature from 37 to 27--33°C ([@B22]; [@B30]; [@B11]; [@B51]). To determine whether the poor secretion of the R345W mutation could be improved by a shift to lower temperatures, we reduced the growth temperature of WT- or mutant-expressing HEK-293T cells to 30°C for up to 24 h. Within 3 h of the temperature shift, significantly more R345W (relative to WT) was secreted to the media, increasing from 11 to 24% of WT levels ([Figure 3A](#F3){ref-type="fig"}). Secretion was enhanced over the span of 24 h, peaking at ∼53% of WT secretion at 24 h, whereas R345W secretion at 37°C remained at ∼10% of WT levels under identical conditions ([Figure 3A](#F3){ref-type="fig"}).

![Secretion of EFEMP1 mutants is temperature sensitive. (A) HEK-293T cells were transfected for 48 h at 37°C, followed by a media change and temperature shift to 30°C for up to 24 h. Aliquots were taken at the indicated intervals after the temperature shift (denoted as t = 0 h) and assayed by the GLuc assay (n ≥ 3, ±SD). (B) Secretion defects caused by aromatic residues at R345 are partially rescued by growth at permissive temperatures. HEK-293T cells were transfected as described in A and were transitioned to 30°C for 24 h. After the temperature shift, aliquots of conditioned media were used in the GLuc assay (n = 4, ±SD, \*p \< 0.05, 37°C vs. 30°C, *t* test). (C) GLuc assay results are paralleled by Western blotting. Samples from the GLuc assay in B were analyzed by reducing SDS--PAGE, followed by Western blotting for the GLuc antigen as described in [Figure 1D](#F1){ref-type="fig"}. Representative data of two independent experiments are shown. (D) The extent of intracellular accumulation of EFEMP1-GLuc variants is inversely proportional to secretion efficiency. Cells were transfected with the indicated constructs for 48 h, followed by temperature shift and media change for 24 h prior to assaying for intracellular GLuc (n ≥ 3, ±SD). (E) Intracellular retention of inefficiently secreted mutants, while substantially lower, persists at reduced temperatures. Intracellular GLuc was assayed in transfected cells incubated at 37 or 30°C for 24 h. Representative data (mean ± SD of technical replicates) of at least three independent experiments are shown.](4765fig3){#F3}

We also examined whether the cellular secretion of the additional R345 point mutants was temperature sensitive. A lower (permissive) temperature of 30°C significantly enhanced the secretion of the R345Y, R345F, R345P, R345L, and R345E variants, raising the relative secretion percentage from a range of 10--82% at 37°C to 47--104% at 30°C 24 h after temperature shift ([Figure 3B](#F3){ref-type="fig"}). Of interest, R345W was still secreted most poorly, followed by R345Y and R345F ([Figure 3B](#F3){ref-type="fig"}). A comparison of the total amount of EFEMP1 secreted at 24 h based on measured luminescence values (not relative to WT) is presented in Supplemental Figure S3, revealing a strictly analogous picture.

Identically treated samples were subjected to Western blot analysis ([Figure 3C](#F3){ref-type="fig"}) to verify the validity of the GLuc assay results ([Figure 3B](#F3){ref-type="fig"}). At 37°C, the inefficiently secreted and presumably misfolded EFEMP1 mutants, R345W, R345Y, R345F, and R345P were barely detectable ([Figure 3C](#F3){ref-type="fig"}). In agreement with the GLuc assay, levels of these fusion proteins in conditioned media were significantly enhanced by growth at the permissive temperature ([Figure 3C](#F3){ref-type="fig"}). Quantification of the integrated band intensities was performed, revealing that the GLuc luminescence and Western blot band intensities were in agreement (Supplemental Figure S4A). Furthermore, GLuc luminescence correlated linearly with EFEMP1 protein concentration, as determined by LI-COR quantification (Supplemental Figure S4B).

Inefficiently secreted variants accumulate intracellularly
----------------------------------------------------------

To account for the remainder of the R345 aromatic- and R345 proline-containing EFEMP1-GLuc mutants that was not secreted, we also assessed their intracellular abundance. The four mutants that exhibited the largest secretion deficiencies accumulated intracellularly up to two times the levels of WT under identical steady-state conditions at 37°C, whereas intracellular levels of the remaining mutants hovered around WT levels ([Figure 3D](#F3){ref-type="fig"}). Thus, consistent with observations made by other groups using complementary approaches ([@B26]), it appears that the poorly secreted mutants misfold/aggregate and thus exhibit higher steady-state intracellular levels while awaiting degradation, most likely by ER-associated degradation ([@B52]; [@B27]). Of interest, the same intracellular steady-state accumulation trends are observed in cells grown at 30°C; however, the absolute levels of intracellular EFEMP1-GLuc are much lower, most likely due to enhanced secretion (removal of the intracellular protein pool) in combination with translational attenuation ([Figure 3E](#F3){ref-type="fig"}). Intracellular mutant EFEMP1-GLuc retention relative to WT EFEMP1-GLuc at 30°C is depicted in Supplemental Figure S5, demonstrating a similarity in trends when compared with [Figure 3E](#F3){ref-type="fig"}.

Translational attenuation slightly increases mutant EFEMP1-GLuc secretion
-------------------------------------------------------------------------

One proteostasis network adaptation that can occur at lower cellular growth temperatures is translational attenuation ([@B17]). To address whether translational attenuation might contribute to the enhanced secretion of EFEMP1 mutants, transfected cells were treated with cycloheximide (CHX), which nonspecifically prevents translational elongation ([@B40]). Addition of a low concentration of CHX (1 μM) for 24 h did not result in significant cell death, acting as a means to more gently prevent protein translation when compared with typical CHX treatments (up to 50 μM for a few hours). CHX did not significantly affect the secretion of WT EFEMP1-GLuc at 37°C ([Figure 4A](#F4){ref-type="fig"}). However, intracellular levels of WT decreased after CHX treatment, indicating a reduction in protein translation and a removal of protein from the intracellular pool ([Figure 4B](#F4){ref-type="fig"}). These results suggest that the majority of secreted EFEMP1-GLuc over the period of the 24-h time course originates from the intracellular pool of EFEMP1 already synthesized (not newly synthesized). Of interest, treatment of cells expressing WT EFEMP1-GLuc with CHX in combination with temperature reduction caused a significant reduction in secreted WT protein (to 65% of untreated WT levels; [Figure 4A](#F4){ref-type="fig"}). Addition of CHX to cells expressing R345W EFEMP1-GLuc cultured at 37°C significantly enhanced R345W secretion by greater than twofold over untreated R345W-expressing cells at the same temperature (13 ± 1.7% without CHX vs. 28 ± 11% with CHX; [Figure 4A](#F4){ref-type="fig"}). However, the extent of CHX-mediated rescue at 37°C was much lower than permissive temperature-mediated rescue ([Figure 4A](#F4){ref-type="fig"}). Combining CHX and permissive temperature did not provide a synergistic or additive effect ([Figure 4A](#F4){ref-type="fig"}), likely because temperature reduction already results in translational attenuation.

![Translational attenuation with CHX subtly increases mutant EFEMP1 secretion. (A) HEK-293T cells were transfected with either WT or R345W EFEMP1-GLuc for 48 h at 37°C, followed by a media change and addition of 1 μM CHX and/or temperature shift to 30°C for up to 24 h. Aliquots of 45 μl of conditioned media were taken 24 h after the temperature shift/CHX treatment and assayed for EFEMP1-GLuc by the GLuc assay (n = 3, ±SD, \*p \< 0.05, 37 vs. 30°C, and +CHX vs. --CHX, *t* test). (B) CHX reduces intracellular EFEMP1 levels. HEK-293T cells were transfected with the indicated constructs for 48 h, followed by assaying for intracellular GLuc accumulation using the GLuc assay (n ≥ 3, ±SD). (C) Secretion defects in mutants other than R345W EFEMP1-GLuc are rescued by translational attenuation also. Transfected cells were treated with 1 μM CHX for up to 24 h at 37°C. Aliquots of 45 μl of conditioned media were taken for the GLuc assay (n = 4, ±SD, \*p \< 0.05, WT EFEMP1-GLuc vs. R345 mutants, *t* test).](4765fig4){#F4}

To determine whether translational attenuation generally enhanced the secretion of poorly secreted mutants, we analyzed the effect of CHX on the secretion of the other R345 variants at 37°C. CHX treatment also significantly enhanced the secretion of other presumably misfolded/aggregated mutants, including R345Y, R345F, R345P, and R345L, yet had no effect on R345 mutants that normally secrete efficiently (R345A, R345Q, R345K, R345G; [Figure 4C](#F4){ref-type="fig"}).

Native disulfide bonds are required for proper EFEMP1 secretion
---------------------------------------------------------------

The formation of three disulfide bonds ([Figure 1B](#F1){ref-type="fig"}) is generally critical for the proper folding of EGF domains and other small, disulfide-rich proteins ([@B7], [@B6]; [@B5]). Specifically, we evaluated whether three native disulfide bonds were necessary for the folding and secretion of EFEMP1 ([@B38]). We systematically eliminated each disulfide bond in domain 6 using individual Cys-to-Ala mutants (C338A, C359A, and C377A) in the WT and R345W EFEMP1-GLuc backgrounds. All cysteine mutants in both sequence backgrounds showed a significant defect in secretion efficiency when compared with their respective controls ([Figure 5A](#F5){ref-type="fig"}). In addition, intracellular steady-state levels of all cysteine variants were enhanced relative to WT, as expected ([Figure 5B](#F5){ref-type="fig"}). To address the concern that the observed secretion deficiencies could be due to the generation of orphan cysteines that could form incorrect or nonnative disulfide bonds, we constructed a double-cysteine mutant (C344A/C359A) that is incapable of forming dsb2. This variant acted identically to the other, single-cysteine mutants ([Figure 5, A--C](#F5){ref-type="fig"}), demonstrating the necessity of dsb2 for proper EFEMP1 secretion.

![Cysteine residues are required for proper EFEMP1 secretion and temperature sensitivity. (A) EFEMP1 secretion is negated by cysteine residue mutation. Aliquots of 45 μl of conditioned media from transfected HEK-293T cells were taken 72 h after transfection and assayed for the presence of the EFEMP1-GLuc fusion protein (n = 3 ±SD, \*p \< 0.05, cysteine mutants vs. R345W EFEMP1-GLuc, *t* test). (B) Cysteine mutants accumulate intracellularly. HEK-293T cells were transfected with the indicated constructs for 72 h prior to assaying for intracellular GLuc accumulation (n = 3, ±SD). (C) Secretion of cysteine mutants is unaffected by temperature reduction. HEK-293T cells were transfected for 48 h, after which the media was changed and temperature reduced. Levels of EFEMP1-GLuc were quantified after 24 h at 37 or 30°C (n ≥ 3, ±SD, \*p \< 0.05, 37 vs. 30°C, *t* test).](4765fig5){#F5}

Temperature reduction exhibited no positive effect on the secretion efficiency of any of the Cys-to-Ala EFEMP1 mutants ([Figure 5C](#F5){ref-type="fig"}). These results demonstrate that a permissive temperature most likely improves the folding, secretion, and disulfide-bond formation fidelity of difficult-to-fold EFEMP1 mutants, but, of importance, a permissive temperature does not simply allow misfolded EFEMP1 or EFEMP1 missing a disulfide bond to exit the ER. This information, along with nonreducing Western blot analysis of secreted WT and R345W EFEMP1-GLuc (Supplemental Figure S6), suggests that the R345W and other EFEMP1-GLuc mutants that are secreted into the media most likely contain their native disulfide bonds and demonstrates the importance of proper disulfide bonding in domain 6 for proper folding and secretion.

2-(2-Nitrophenylsulfenyl)-3-methyl-3′-bromoindolenine cleavage of EFEMP1 reflects the presence or absence of dsb2 in domain 6
-----------------------------------------------------------------------------------------------------------------------------

Within the WT EFEMP1-GLuc fusion protein, there are three tryptophan residues (see Supplemental Figure S7 for schematic). One is located near the amino terminus of EFEMP1 (W35). The second Trp is positioned near the carboxy terminus of the GLuc domain (corresponding to W652). The third Trp is W351 ([Figure 1B](#F1){ref-type="fig"}, red arrow), which is located in domain 6 between the cysteine residues that form dsb2, the disulfide bond that we hypothesize is disrupted in the R345W mutant. We therefore reasoned that cleavage of mutant EFEMP1-GLuc fusion proteins with 2-(2′-nitrophenylsulfenyl)-3-methyl-3-bromoinolenine (BNPS-skatole), a reagent that cleaves the C-terminal peptide bond following tryptophan residues, might provide insight into the formation of disulfide bonds or lack thereof in domain 6 of mutant versus WT EFEMP1.

BNPS-skatole cleavage at W35 is predicted to have only a minimal effect on the molecular weight of the EFEMP1-GLuc fusion protein (a 2.2-kDa loss; see Supplemental Figure S7 for a schematic of the expected cleavage products with and without an intact dsb2). Cleavage after W652 in the GLuc portion of the fusion protein will not affect the molecular weight under nonreducing conditions, regardless of whether dsb2 is intact or not (Supplemental Figure S7), because W652 is bracketed by two cysteines (C561 and C657) that are predicted to form a disulfide bond in folded GLuc ([@B13]). Hence, the BNPS-skatole cleavage product of EFEMP1 with dsb2 intact is predicted to have a molecular weight of 70.1 kDa under nonreducing conditions (2.2 kDa smaller than the full-length 72.3 kDa; see Supplemental Figure S7). However, if dsb2 or an intermediate disulfide bracketing W351 is missing, the EFEMP1-GLuc fusion protein will dissociate into two halves upon BNPS-skatole cleavage, affording a C-terminal fragment with a molecular weight of 35.6 kDa (residues 352 onward) and an N-terminal fragment exhibiting a molecular weight of 34.5 kDa (containing residues 36--351 of EFEMP1). As predicted, substantially more of the C-terminal 35.6-kDa cleavage product formed in BNPS-skatole--treated R345W EFEMP1-GLuc lysates than in WT EFEMP1-GLuc HEK-293T lysates under identical conditions ([Figure 6A](#F6){ref-type="fig"}). Production of the cleavage product was dependent on the presence of BNPS-skatole ([Figure 6A](#F6){ref-type="fig"}) and on disulfide bond formation, since WT EFEMP1 can form more of the cleavage products when its disulfide bonds are reduced (Supplemental Figure S8).

![BNPS-skatole cleaves dsb2 in domain 6 of EFEMP1. (A) The domain 6 cleavage product is BNPS-skatole dependent. Lysates from transfected cells were treated overnight with either glacial acetic acid (−) or BNPS-skatole in glacial acetic acid (+) and were run on nonreducing SDS--PAGE, followed by Western blotting for the GLuc epitope. Representative data of three independent experiments are shown. (B) Lysates from transfected HEK-293T were treated overnight with BNPS-skatole and separated on a nonreducing SDS--PAGE gel followed by Western blotting as described in [Figure 1D](#F1){ref-type="fig"}. BNPS-skatole cleavage product arising from the lack of a disulfide bond bracketing W351 is designated by an arrow. Representative data of three independent experiments are shown. (C) LI-COR quantification of the cleaved isoform presented in A. The intensity of the cleaved isoform (arrow) was quantified (n = 3, ±SD; C338A, n = 2, ±SD).](4765fig6){#F6}

To identify which disulfide bond disruptions afford fragments on a nonreducing SDS--PAGE gel after BNPS-skatole cleavage, we examined lysates from cells transfected with the Cys-to-Ala EFEMP1 mutations. In the WT background, there was no significant increase in the BNPS-skatole cleavage products of the C338A and C377A variants when compared with WT ([Figure 6, B and C](#F6){ref-type="fig"}), suggesting that the lack of dsb1 or dsb3 does not significantly influence the levels of cleavage product. In contrast, the C359A mutant, which eliminates a cysteine required for dsb2 formation, produced significantly more cleavage product than the other Cys-to-Ala mutants, indicating that BNPS-skatole cleavage reports largely on the absence of dsb2 ([Figure 6, B and C](#F6){ref-type="fig"}), which is hypothesized to be incompletely formed in the R345W EFEMP1 mutant. It is intriguing that there is a portion of the C359A variant that is not cleaved after BNPS-skatole treatment. The remaining full-length C359A after BNPS-skatole cleavage is likely due to nonnative mixed disulfides, as increasing BNPS-skatole concentrations up to fourfold does not decrease full-length C359A band intensity (Supplemental Figure S9).

In the R345W background, the C338A mutation (eliminates dsb1) did not substantially alter the amount of BNPS-skatole cleavage product relative to R345W ([Figure 6, B and C](#F6){ref-type="fig"}). In agreement with the C359A mutation in the WT background eliminating dsb2, the R345W/C359A variant also generated significantly more cleavage product than did R345W ([Figure 6, B and C](#F6){ref-type="fig"}). These data suggest that some R345W EFEMP1-GLuc is capable of forming dsb2 (or bracketing intermediate disulfides), since without the C359A mutation substantially less R345W cleavage product is observed. Unexpectedly, the C377A mutation slightly lowered the amount of BNPS-skatole cleavage product relative to R345W ([Figure 6, B and C](#F6){ref-type="fig"}), possibly indicating stabilization of one or more disulfide intermediates that bracket both W345 and W351. As expected, the levels of BNPS-skatole cleavage product of the cysteine mutants were effectively unaltered by temperature reduction (Supplemental Figure S10).

Poorly secreted EFEMP1 mutants exhibit alterations in disulfide bond formation within domain 6 of EFEMP1
--------------------------------------------------------------------------------------------------------

In cell lysates, all R345 mutant EFEMP1-GLuc constructs treated with BNPS-skatole exhibited detectible amounts of cleavage product ([Figure 7, A and B](#F7){ref-type="fig"}). The R345W mutation exhibited the most cleavage product ([Figure 7, A and B](#F7){ref-type="fig"}) potentially due to the additional BNPS-skatole cleavage site, and/or less dsb2 formation, and/or fewer intermediate disulfide bonds surrounding the two tryptophans in domain 6 of R345W EFEMP1-GLuc ([Figure 1B](#F1){ref-type="fig"}). Other poorly secreted mutants (R345Y, R345F, R345P) also exhibited a significantly higher level of the 35.6-kDa BNPS-skatole cleavage product when compared to R345G, a variant that secretes identically to WT ([Figure 7, A and B](#F7){ref-type="fig"}), also hinting at a decrease in dsb2 formation and/or a decrease in disulfide intermediates bracketing W351 in other poorly secreted EFEMP1 mutants. Growth at permissive temperatures had no significant effect on the amount of BNPS-skatole cleavage product relative to full-length EFEMP1 in cell lysates for both WT and R345W EFEMP1-GLuc ([Figure 7C](#F7){ref-type="fig"}), suggesting that once EFEMP1-GLuc has achieved proper disulfide formation, it is efficiently removed from the EFEMP1 intracellular pool and secreted into the media.

![Poorly secreted R345 mutants lack proper disulfide bond formation in domain 6. (A) Lysates from transfected HEK-293T cells were treated overnight with BNPS-skatole and separated on a nonreducing SDS--PAGE gel, followed by Western blotting as described in [Figure 1D](#F1){ref-type="fig"}. BNPS-skatole cleavage is designated by an arrow. Representative data of three independent experiments are shown. (B) LI-COR quantification of the cleaved isoform presented in A. The intensity of the cleaved isoform (arrow) was quantified (n = 3, ±SD, \*p \< 0.05, R345W, R345Y, R345F, and R345P vs. R345G, *t* test). (C) Reduced growth temperatures lower overall intracellular EFEMP1 levels but not the fractional percentage of cleaved product vs. full-length EFEMP1. Lysates from transfected HEK-293T cells were treated with BNPS-skatole after incubation at 37 or 30°C for 24 h. Representative data of three independent experiments are shown.](4765fig7){#F7}

To determine more definitively whether secreted R345W had an enhanced ability to form dsb2 (or a disulfide bond surrounding W345 and W351), we treated conditioned media from cells grown at reduced temperature with BNPS-skatole and monitored the 35.6-kDa cleavage product (Supplemental Figure S11A). Although intracellular R345W EFEMP1-GLuc generated ∼600% more BNPS-cleavage product than did WT ([Figure 7, A and B](#F7){ref-type="fig"}), quantification of the fractional BNPS-skatole C-terminal cleavage product arising from secreted R345W EFEMP1-GLuc produced from cells grown at a permissive temperature suggests that R345W only has 86% more BNPS-skatole--sensitive cleavage product than WT (Supplemental Figure S11B), a substantial reduction in cleavage product when compared with intracellular R345W. These data, which may even overestimate the amount of cleavage in secreted R345W EFEMP1-GLuc relative to WT because of the miniscule amount of observed cleavage product (Supplemental Figure S11A), suggest that secreted R345W contains dsb2 or a disulfide that brackets W345 and W351, indicating that dsb2 formation is at least one factor that governs EFEMP1 secretion. These results are fully consistent with an enhanced ER folding environment at a permissive temperature for both WT and R345W EFEMP1 and thus more complete dsb2 formation in the ER, enabling enhanced proper folding and secretion.

DISCUSSION
==========

Although mutations in fibulin genes homologous to EFEMP1 are linked to AMD, no mutations in EFEMP1 have been correlated directly with development of AMD at this juncture. Yet it is clear from observations in humans ([@B4]; [@B33]) and knock-in mice ([@B16]; [@B25]) that the R345W EFEMP1 mutation causes ML/DHRD, a disease that phenotypically resembles AMD on an accelerated time frame. In addition to the R345W disease-associated mutation, we demonstrate that two aromatic substitutions (R345Y and R345F) and one backbone conformationally restricted mutant (R345P) in EFEMP1 are folding and secretion compromised, analogous to R345W.

If the extent to which EFEMP1 secretion is reduced correlates with susceptibility of developing ML/DHRD, based on our data, mutations other than tryptophan could also cause disease. One explanation for why no other mutations have been reported at position 345 is that the natural arginine codon (CGG) would need to undergo a three--base pair change to be mutated to either tyrosine (TAT or TAC) or phenylalanine (TTT or TTC), an unlikely event. In contrast, only a one--base pair change is necessary for the tryptophan (TGG) or proline (CCG) mutations. At 37°C, R345P causes an approximate fourfold reduction in the secretion of EFEMP1 relative to WT. However, shifting the growth temperature to 30°C demonstrates that the R345P mutation is more easily tolerated than the aromatic substitutions, reaching 93% of secreted WT levels. Thus the cellular machinery responsible for folding EFEMP1 appears to be more responsive to a R345P substitution than to aromatic mutations, potentially averting a disease phenotype.

The time frame required for temperature reduction to enhance mutant EFEMP1 secretion (within 3 h) is consistent with the time scale required for a transcriptional enhancement of ER proteostasis capacity. Two genes known to be up-regulated by reduced temperature are protein disulfide isomerase (PDI) and ER protein 57 (ERp57; [@B2]; [@B48]), important proteostasis network components predicted to be beneficial in EFEMP1 secretion, given the compromised disulfide bond formation in the EFEMP1 mutants ([@B38]). In fact, ERp57 has been shown to be involved in EFEMP1 folding ([@B20]). We speculate that up-regulation of these genes and/or their corresponding oxidoreductases, independent of temperature reduction, may be an alternative strategy for enhancing disulfide bonding fidelity linked to the folding and secretion of mutant EFEMP1 ([@B38]; [@B39]).

A reduced cellular growth temperature, which is known to result in translational attenuation ([@B17]), together with our CHX experiments, implies that translational attenuation enhances R345W EFEMP1 secretion. This is most likely realized through increasing the ratio of ER chaperones and folding enzymes to mutant EFEMP1, thereby promoting chaperone engagement and proper folding ([@B51]). Because the CHX experiments were performed at 37°C, they provide hope that EFEMP1 secretion can be restored at physiological temperatures, in part by translational attenuation.

We hypothesize that hindered dsb2 formation results from the steric bulk of the neighboring aromatic side chain and/or from a neighboring residue that imposes a perturbation on the local backbone conformation. This hypothesis is supported by the lack of aromatic amino acids and the scarcity of proline residues occupying the b~n~ + 1 position in other Ca^2+^-binding EGF domains. We do not suggest that placement of a tryptophan (or aromatic) residue immediately adjacent to a cysteine residue involved in disulfide bond formation is destabilizing or causes disulfide bond formation disruptions in a general fashion. Rather, it appears that the reduced dsb2 formation efficiency resulting from the presence of a bulky neighboring aromatic residue is EFEMP1 context dependent and most likely problematic because of the essential oxidative folding pathway of fibulin proteins.

In support of the EFEMP1 context--dependent aromatic disruption hypothesis, PDI, ERp57, and ER protein 72 (ERp72) all contain tryptophan residues immediately preceding the nucleophilic (N-terminal) cysteine in each of their critical Cys-Xaa-Xaa-Cys (CXXC) motifs required for catalysis of formation and isomerization of client protein disulfide bonds. Furthermore, aromatic residues (tryptophan and tyrosine, respectively) are also enriched immediately prior to CXXC/CXXS domains in thioredoxin homologues ([@B15]) and methionine sulfoxide reductases ([@B14]), demonstrating the importance of aromatic residues in other structural contexts, potentially through S/π stabilization ([@B34]). These observations suggest that placement of aromatic residues near cysteines is likely critical for cysteine reactivity, possibly by pKa perturbation. Thus, in addition to sterically encumbering neighboring disulfide bond formation (dsb2) in the fibulin family of proteins, misplacement of tryptophan (such as the R345W mutation) or aromatic residues could also alter the reactivity of the flanking cysteine residue in the fibulins, creating abnormal disulfide-bonded intermediates. Clearly, further analysis of the disulfide bonding patterns of WT and R345W is warranted to understand the dynamics of disulfide bond formation in finer detail.

Although it seems clear that dsb2 formation is compromised, this may reflect a problem with R345W oxidative folding that runs deeper than the formation of one disulfide bond. The abundance of the BNPS-skatole--cleaved isoform does not account for all of the inefficiently secreted EFEMP1 protein but does appear to be an indication of folding problems within domain 6. It is important to note that the amount of BNPS-skatole cleavage product was not inversely proportional to secretion efficiency (i.e., poorly secreted mutants R345Y, R345F, and R345P did not have appreciably more cleaved product than the intermediately secreted mutants, R345H and R345L). Thus additional factors other than disulfide formation, such as the population of kinetic traps or differential interactions with ER-resident proteins/chaperones, may also affect the secretion of R345W EFEMP1.

In summary, the fusion of EFEMP1 to GLuc allows for the very sensitive and practical quantification of secreted (in the media) versus retained intracellular (in cell lysates) EFEMP1. Aromatic amino acids, including Trp, leading to macular dystrophy, compromise secretion, at least in part, by interfering with dsb2 formation and possibly the formation of other disulfide bond intermediates. It is clear from this work that R345W EFEMP1 is capable of fractional formation of dsb2 in cells grown at 37°C. Experiments performed at permissive growth temperatures and using chemically induced translational attenuation suggest that the adaptation of the proteostasis network at 37°C is likely to be effective at increasing R345W EFEMP1 folding and secretion while decreasing its intracellular accumulation and/or degradation. Future incorporation of mutant and WT EFEMP1-GLuc fusions in stable cell lines will allow us to determine more efficiently whether enhanced degradation of R345W EFEMP1 or its more efficient folding and secretion is a better strategy for ameliorating the macular dystrophy ML/DHRD.

MATERIALS AND METHODS
=====================

Construct generation
--------------------

Full-length, untagged EFEMP1 variants were amplified by PCR from cDNA and were inserted into the pENTR1A Dual Selection vector (Life Technologies, Carlsbad, CA) using the *Eco*RI and *Xho*I restriction sites. A carboxy-terminal fusion with humanized GLuc ([@B45]) was generated by PCR amplification of EFEMP1 using primers that eliminated the natural stop codon of EFEMP1 and inserted a flexible, 16-residue linker (sequence, FEGSAGSAAGSGEFEA; [@B50]). This gene was then ligated to humanized GLuc (without a start codon or signal sequence). Fusion genes were inserted into the pENTR1A using the *Bam*HI (by way of *Bgl*II) and *Xho*I restriction sites. To generate EFEMP1 mutants, site-directed mutagenesis was performed using the QuikChange method (Agilent, Santa Clara, CA). Genes of interest were shuttled into the pcDNA-DEST40 vector by LR Clonase II recombination. All constructs were sequenced to verify their identity.

Cell culture
------------

HEK-293T cells (Life Technologies) were cultured in high-glucose DMEM (Cellgro, Manassas, VA) supplemented with 10% (unless otherwise noted) heat-inactivated fetal bovine serum (FBS; Omega Scientific, Tarzana, CA) and 1% penicillin/streptomycin/glutamine (Cellgro). Cells were incubated at 37°C at 5% CO~2~ (unless otherwise noted).

Introduction of EFEMP1 variants into HEK-293T cells was performed by transient transfection using FuGENE 6 or X-TremeGENE 9 (Roche, Nutley, NJ). For most experiments, cells were plated at a density of 50,000 cells/well in a 24-well plate and allowed to attach overnight. Cells were then transfected with the equivalent of 250 ng/well DNA (Qiagen, Germantown, MD) using 1.5 μl/well of transfection reagent for 24 h prior to replating/analysis. For cotransfections, each well was transfected with 250 ng of EFEMP1 DNA and 100 ng of control plasmid (encoding for *Cypridina* luciferase; New England Biolabs, Ipswich, MA).

For experiments in which reduced temperatures were used, HEK-293T cells were transfected for 24 h, replated at select densities, and allowed to attach at 37°C. Cell media was replaced 24 h after replating, followed by incubation at either 37 or 30°C for up to 24 h.

GLuc assay to monitor EFEMP1 secretion/intracellular accumulation
-----------------------------------------------------------------

The secretion of EFEMP1-GLuc was monitored by adding 50 nl of substrate diluted in 10 μl of neat GLuc buffer (BioLux *Gaussia* Luciferase Assay Kit; New England Biolabs) to 45-μl aliquots of conditioned media (typically ∼1/10 of the total media). Immediately after mixing, luminescence was measured in a 96-well Costar flat-bottomed black assay plate (Corning, Corning, NY) in a Safire II microplate reader (Tecan, Uppsala, Sweden) using a 100-ms integration time. For cotransfections, separate aliquots of conditioned media were taken and reacted with components of the BioLux *Cypridina* Luciferase kit (New England Biolabs) in an identical manner to the GLuc assay kit.

Intracellular accumulation of EFEMP1-GLuc was achieved by harvesting of cells (via trypsinization), pelleting of cells at ∼10,000 × *g*, and resuspension in 100 μl of Dulbecco\'s phosphate-buffered saline (DPBS), followed by at least four times freeze/thaw in a dry ice/ethanol bath. Cell debris was pelleted by centrifugation at ∼20,000 × *g* for 1 min. An aliquot (25--40 μl) was removed and used for the GLuc assay employing the same substrate/buffer ratio as described previously.

Western blotting
----------------

Equal volumes (50 μl) of conditioned media aliquots were denatured in reducing Laemmli buffer (unless otherwise indicated) by boiling at 95°C for 5 min, followed by loading onto a 10 or 12% SDS--PAGE gel. Proteins were transferred onto nitrocellulose membranes and blocked in 5% milk. The primary antibody used was a rabbit anti-GLuc (1:2000; New England Biolabs). Blots were imaged on a LI-COR Odyssey infrared imager (LI-COR, Lincoln, NE) using a goat anti-rabbit 800-nm secondary antibody (1:10,000; LI-COR).

Cell toxicity assay
-------------------

HEK-293T cells were transfected with EFEMP1 constructs for 24 h, trypsinized, and then replated at ∼4500 cells/well in a 96-well flat-bottom, clear Costar plate (Corning). Forty-eight hours after replating, cells were assessed for differences in metabolic activity by resazurin fluorescence changes. Briefly, 10 μl of resazurin (500 μM in PBS) was added to each well, and the plates were incubated for 2 h at 37°C. The fluorescence signal, which is proportional to cell metabolism/viability, was monitored on a Safire II microplate reader (Tecan; excitation wavelength, 530 nm; emission wavelength, 590 nm).

BNPS-Skatole cleavage of tryptophan residues in EFEMP1
------------------------------------------------------

BNPS-skatole cleavage was performed essentially as described previously ([@B9]). HEK-293T cells were transfected with EFEMP1 constructs for 24 h, after which the media was changed and the cells were replated or allowed to grow for an additional 24--48 h. Cells were then treated with 20 mM iodoacetamide in DPBS for 30 min at 37°C. Cells were resuspended and lysed by freeze/thaw in dry ice/ethanol (at least four times ). Cell debris and insoluble material was removed by centrifugation at ∼20,000 × *g* for 5 min at 4°C. The remaining soluble portion (75 μl) was denatured with an equal volume of 8 M urea (dissolved in DPBS). Freshly prepared BNPS-skatole (250 μl, 1.6 mg/ml) in glacial acetic acid was added to the lysates. Samples were treated overnight at room temperature in the dark. Proteins were precipitated by adding 1.2 ml of cold acetone and incubating at −20°C for ≥2 h, followed by centrifugation at ∼20,000 × *g* for 10 min at 4°C. Protein pellets were washed with acetone and respun at ∼20,000 × *g* for 10 min at 4°C. Acetone was aspirated, and the pellet was air dried at room temperature for 30 min. Samples were then resuspended in 50 μl of 8 M urea in DPBS and heated to 95°C until the protein pellet redissolved. Proteins were further denatured in 1× nonreducing Laemmli buffer for 5 min at 95°C. Samples were then separated by SDS--PAGE, and Western blotting was performed as described.
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AMD

:   age-related macular degeneration

BNPS-skatole

:   2-(2-nitrophenylsulfenyl)-3-methyl-3′-bromoindolenine

CHX

:   cycloheximide

DPBS

:   Dulbecco\'s phosphate-buffered saline

EFEMP1

:   epidermal growth factor--containing, fibulin-like extracellular matrix protein 1

EGF

:   epidermal growth factor

ER

:   endoplasmic reticulum

GLuc

:   *Gaussia* luciferase

HEK-293T

:   human embryonic kidney cells

ML/DHRD

:   malattia leventinese/Doyne honeycomb retinal dystrophy

RPE

:   retinal pigmented epithelium
